Optical fractionators have dominated the field of neural cell counting for two decades. These unbiased stereological techniques are often used for the quantification of hippocampal cell proliferation in neurogenesis experiments. However, the heterogeneous distribution of labeled cells, especially in the form of clusters, confounds the application of these techniques. A critical evaluation of the applicability of the optical fractionator suggests that absolute counting achieves higher efficiency in the quantification of cell proliferation than unbiased estimations.
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The discovery that new neurons are continuously produced throughout adulthood (adult neurogenesis) in discrete regions of the brain, notably within the dentate gyrus of the hippocampus and the olfactory bulb, has led to an explosion of studies aimed at elucidating the biological significance of this phenomenon as well as the factors that might impact this process. Neurogenesis is a complex, multi-step process, consisting of neural progenitor cell proliferation, differentiation, migration, neuronal maturation, and cell death (Ehninger and Kempermann, 2008) . The production of new neurons can be modulated at multiple levels. Since cell proliferation represents the first critical step toward neurogenesis, many studies have focused primarily on this process or, at the very least, have included an examination of cell proliferation as part of a larger, comprehensive investigation on neurogenesis. Cell proliferation in these studies is usually measured by injecting the thymidine analog 5-bromo-2 -deoxyuridine (BrdU), which becomes incorporated into newly synthesized DNA of cells during the S phase of the cell cycle. After an appropriate post-injection survival period (e.g., 2 h), animals are sacrificed and their brains are then processed for BrdU immunohistochemistry. Another common, reliable method for assessing cell proliferation is to stain for the endogenous nuclear protein Ki67, which is expressed during all phases of the active cell cycle (G 1 , S, G 2 , and mitosis), but is absent during the resting (G 0 ) phase (Kee et al., 2002) . In the dentate gyrus of the hippocampus, newly proliferating cells are found predominantly in the subgranular zone (SGZ), where the neural progenitors reside, and often appear in clusters (Wojtowicz and Kee, 2006) .
The optical fractionator combines two stereological components: a three-dimensional probe for counting cell nuclei, the optical dissector, and a sampling scheme, the fractionator. The optical dissector provides unbiased estimates of cell numbers independent of assumptions on the size and shape of the cells. Its value converges to the true number of cells as the number of samples increases. The fractionator involves sampling a known fraction of a structural component or region (e.g., the SGZ of the dentate gyrus). The number of cells (N ) is then estimated as:
where ΣQ − is the total number of cells actually counted in the dissectors; asf, the area sampling fraction, is the area of the counting frame relative to the area associated with each x, y movement; and ssf, the section sampling fraction, is the fraction of total sections sampled; and finally, the thickness sampling fraction tsf captures the part of the investigated cross-sectional area of the sampled sections (Gundersen et al., 1988; West et al., 1988 , 1991 , West and Gundersen, 1990 . The optical fractionator has dominated the field of unbiased estimations of cell number and has been extensively used to quantify the number of cells in different brain structures. However, the application of this technique in neurogenesis studies is not rigorous. Although this estimator is independent of assumptions on the size and shape of the cells, it is not free of assumptions about the structure of the tissue. Indeed, the efficiency of this technique depends on the homogeneity of the cell distribution in the region of interest. The distribution of proliferating cells in the SGZ of the hippocampus is not regular (Figure 1A) . Depending on the size of the area of the counting frame (acf) of the dissector, there is a probability that the dissector might miss the proliferating cells. Furthermore, proliferating cells in the SGZ commonly appear in clusters and these clusters convert the approximately homogenous distribution of labeled cells in www.frontiersin.org the hippocampus to a non-uniform and heterogeneous pattern ( Figure 1B) .
To circumvent the problem of the lack of homogeneity different strategies have been developed to improve the efficiency of the dissectors: 1) Enlargement of the acf to create an artificial homogeneity. The larger the acf the higher is the probability of finding the same number of proliferating cells in the acfs ( Figure 1C ). This fact most likely accounts for the similarities in the results between FIGURE 1 | Schematic representation of different sizes of the "area of the counting frame" (acf, shown as rectangular beige windows), superimposed on the dentate gyrus of the hippocampus (granular cell layer shown in blue and labeled proliferated cells depicted as brown dots). Enlargement of the acf by optical fractionators is a common method used to improve the accuracy of the quantification results. For example, in (A) none of the labeled cells fall within the small counting frames, whereas in (C), the larger counting frames capture all of the labeled cells, due to the irregular distribution of the labeled cells. Increasing the size of the acf s clearly gives better results, but the existence of labeled cell clusters (non-homogeneity) suggests a strong dependency between the size of the acf s and the efficacy of this technique [note that the cell cluster located near the apex of the dentate gyrus is captured by the counting frames in (C) but not (B)]. The large acf s depicted in (C) cover most of the area of the dentate gyrus and therefore, the counting results are comparable with absolute cell counting for the same area. The consequences of this model are considerable. This model shows that within the stereological design the smaller the size of acf the larger are the coefficients of error. Additionally, it suggests that the stereological coefficient of error is zero, if and only if the acf covers the whole tissue. These manipulations also abolish the major advantage of the dissector, which is to provide information on the number of cells for a large region, from the acfs, which are small pieces of the area of interest. 2) Novel modifications of the optical fractionator, the proportionator (Gardi et al., 2008a,b) . These recently introduced methods use automatic image analysis to assign a weight proportional to some characteristic of the structure under study to each field of view in the section. Although these methods consider the heterogeneity of the tissue, they still have inherent problems. The proportionator requires a large number of cells to achieve a high efficiency; however, the number of proliferating cells labeled by BrdU (single injection) or Ki67 in neurogenesis studies is relatively low (approximately 20-60 cells/section) and depends strongly on the age of the animal at the time of sacrifice ( Table 1) . It should be noted that the utilization of more intensive BrdU regimens (such as BrdU in the drinking water over several days or weeks) results in a much larger proportion of BrdU-labeled cells in the dentate gyrus, which would be expected to improve stereology. However, these regimens may not provide an accurate assessment of cell proliferation, since a substantial number of newly labeled cells undergo apoptosis, and are subsequently rapidly cleared from the brain, due to the long survival period associated with the treatments. Therefore, the proportionator may not provide the optimal technique for the quantification of these cells. Moreover, the proportionator is a labor-intensive and expensive procedure. Cowen et al. (2008) .
Clusters were defined as in the caption to Figure 2 .
Frontiers in Neuroscience | Neurogenesis This figure illustrates the large variability in both the total number and the regional distribution of labeled clusters within and between animals. Subjects were sacrificed 2 h after a single injection of BrdU (200 mg/kg, i.p.) . Proliferating cells in the dentate gyrus were stained for both BrdU and the endogenous marker Ki67 using adjacent tissue sections from the same animal. For purposes of analysis, a cell cluster was defined as a grouping of three or more cells in close proximity (∼5 μm) to each other.
3) Design-based stereology. The term design-based indicates that the methods and the sampling schemes used in stereology are defined a priori, in such a manner that one need not take into consideration the size, shape, spatial orientation, and especially spatial distribution of the cells to be quantitated (West, 2002) . The major problem of applying these methods to cell proliferation studies relates to the main advantage of these techniques, i.e., the ability to define the spatial distribution of those cells in advance to design a new fractionator. The high variability in the regional distribution of BrdU-and Ki67-labeled cell clusters within and between animals (Figure 2) as well as the section to section differences in the cell counts for a given animal (Lagace et al., 2006 ) suggest that it is not possible to unify this information into a single (average) distribution function for hippocampal cell proliferation, which the design-based stereological technique relies on.
For quantification of BrdU-and Ki67-labeled cells in hippocampal proliferation studies it appears that unbiased stereological estimations offer little or no advantage over absolute cell counting, which has already been demonstrated in previous studies (Crews et al., 2004) . Total cell counting performed bilaterally on every 6 th or 12 th section in the mouse or rat brain, respectively, by an experienced scorer usually takes about 30-45 min per animal and yields a small coefficient of error. Labeled cells can also be readily detected in the third dimension, i.e., section depth using the light microscope. It should be emphasized that the above discussion does not address the overall efficiency of the techniques, but only in the case of quantifying the numbers of BrdU/Ki67-labeled cells in the SGZ. The optical fractionators have demonstrated high competency in applications of cell counting in relatively homogenous structures like the granule cell layer of the hippocampus.
